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Abstract:
A method for manipulating constituents of cells through the use of surface acoustic wave
(SAW) devices is investigated. Cells are allowed to adhere to the gold surface of a SAW
device, and the device is then operated at low power, with the intention of altering the
distribution or activity of intracellular structures or organelles, while avoiding damage, or
cell death. The method is compared to alternatives, such as optical tweezers, and pulsatile
electrical stimulation.
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Background and Review of Literature
A surface acoustic wave (SAW) is defined as a wave that propagates across the elastic
surface of a material. Recently, devices that generate these waves, called SAW devices,
have been investigated for their usefulness in a laboratory and research setting. To date,
many novel uses for SAW and similar technologies have been explored. Examples
include their use in mixing microvolumes of liquids (Wixforth, 2009), as a method for
micro-patterning (J. Shi, 2009), and as a method for manipulating the flow of
microvolumes, or “droplet” manipulation (Franke, Abate, Weitz, & Wixforth, 2009). In
comparing these methods to other methods for completing similar tasks (for example,
mixing microvolumes via magnetic fields.) (Zhang, et al., 2009) SAW has a favorable
level of flexibility with respect to conditions under which it can operate, and the materials
with which it can be used.

Recently, SAW technology has been used at the University of Maine as a method for
inducing cell lysis (Lyford, 2013). It was shown that, operating at 96 MHz at 35oC, goldsurface SAW devices, fabricated from lithium niobate (LNO), were capable of inducing
lysis in both mammalian red blood cells, and Geobacillus thermoglucosidasius bacteria.
Bacteria used as taggants for the detection of explosives we lysed in order to bring about
release of DNA destined for subsequent molecular detection. SAW technology was
chosen for its versatility and ability to be incorporated into field-portable devices to be
used on-site, as opposed to in a conventional laboratory.

Point-of-care methods for medicine, and on-site research tools, offer many advantages
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when compared with more traditional methods (Chin, Linder, & Sia, 2007). SAW
technology used in all of the applications mentioned above have potential for
incorporation into these technologies, leading to advancement of novel methods. It
would be useful to examine SAW interactions with cells under conditions which might
induce actions by these cells without lysing them. It is the purpose of this thesis to
elucidate a method to investigate the feasibility of this use of SAW technology.

When used in this manner, SAW technology might allow for inner functions of cells to be
controlled for the purposes of research, and, in the future, medical applications. Cellular
functions like metabolism, release of organelles, and even DNA replication, could be
affected by a SAW-based method of manipulation.SAW offers some advantages over
other methods of cellular manipulation, be they electrical (Yang, Sun, Bruck, Kostov, &
Rasooly, 2010), biochemical (Schulman, Liu, Proud, MacGlashan, Lichtenstein , & Plaut,
1985), or other physical methods such as optical or magnetic tweezers (Kanger,
Subramaniam, & van Driel, 2008) (Dao, Lim, & Suresh, 2003). A SAW method for
cellular manipulation could be less invasive than these other methods, and less specific to
a given cell type, able to be used for a wide-variety of applications for manipulating
and/or inducing responses in a range of cell types.
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Methods
Choosing a Cell Type:
Rat Basophilic Leukemia (RBL) cells were chosen for these experiments (See Culture
Protocol, Appendix 1) primarily because they contain abundant basophilic, histaminecontaining granules that can be labeled with fluorescent reagents and visualized by
fluorescence microscopy. Organelles, including secretory granules, could be visualized
undergoing vibrational or translational movement induced by a SAW device, and these
cells could possibly be stimulated to undergo granule release under the conditions of this
experiment. Additionally, it was known that waves generated by the SAW devices used
for this experiment would be between 25-75µm in wavelength. The size of the RBL cells,
typically 30-50µm in diameter, compared favorably to these wavelengths for the
purposes of interacting with intracellular structures without disrupting the cell itself.

The cell type used, RBL-2H3 cells, were grown in an incubator set to 37oC with a 10%
CO2 atmosphere. They are typically grown in Corning Surface Cell culture flasks, in this
case either 25cm2 or 75cm2 in size, depending on the number of cells required for
experiments. Cells were cultured in Dulbecco’s modified eagle media, with added fetal
bovine serum (10%), and L-Glutamine (2%), as well as streptomycin-penicillin (2%) (All
% by volume). The cultures were split 1:5 once per week, using Trypsin-EDTA. In
special cases of growth, on either Corning square coverslips, No. 1½, 22x22mm, or the
SAW devices themselves, alternative containers were used, generally Fisher brand sterile
petri dishes.
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Cleaning and Sterilizing SAWS:
Cleaning a gold SAW surface represents an important challenge for these experiments.
The surface must be free of debris, important not only to the production of surface waves,
but also for the adherence of cells to the surface, and for the cells’ continued survival on
that surface. The cleaning process must be delicate enough to avoid damage to the device
itself, or to the ~60nm diameter bonding wires that connect the interdigitated electrodes
(IDTs) to the signal source.
“Pins (1A)” that
connect the IDTs
(1B) used to
propagate the waves
in the gold surface
(1C) and the controls
for the SAW device.
Also pictured is a
thermistor (1D) used
to monitor the
temperature of the
device during
operation

1A

1B

1C
1D

Figure 1- A Saw Device
A cleaning method in which these devices were submersed in an ammonium hydroxide
and hydrogen peroxide solution was employed, but this method was found to dislodge
and damage the bonding wires. Another method was subsequently employed, in which
small volumes of the cleaning solution were successively pipetted onto and off of the
gold surface only, preventing damage to the bonding wires (See cleaning protocol,
Appendix 2).

Growing Cells on a Gold Surface:
It was anticipated that the RBL cells might not readily adhere to, or grow on gold
4

surfaces, which is imperative to the success of the experiment. Using gold surfaces with
similar surface roughness found on previously used quartz crystal microbalance devices,
it was determined experimentally that these RBL cells would bind to and grow
sufficiently on unmodified gold surfaces. (See Figures 2, 3).

Figure 2: RBL cells on BAW
surface, reflected light image

Figure 3: RBL cells on BAW
Surface, fluorescence image

Depending to the surface chemistry of the device and the type of cell being used, it may
be required that the surface is modified chemically via appropriate molecules. It is
important to consider what ramifications these modifications may have both on the
operation of the devices, and the health of the cells, if any (Schoenfisch & Pemberton,
1998).

Maintaining Cellular growth on a device:
In addition to considering how surface the chemistry of the gold sensing surfaces may
affect cell growth, there are also physical limitations that impede the use of cultured cells
on these devices, brought on by the device’s size and shape. In culturing mammalian
5

cells, it is essential that the cells be immersed constantly in aqueous media or buffered
salt solution in order to maintain turgor, pH, and metabolism. This requirement is
difficult to maintain with the existing SAW device design. The IDTs of the SAW device
must stay clean and dry in order to maintain proper operation. When culturing on the
SAW surface was first attempted, a droplet of media was placed on the gold surface, and
simply allowed to rest there for the duration of the culture period. However, sample
drying reduced cellular survival (Figure 4)

Figure 4- Dried cell media on SAW surface

In order to rectify this situation, a set of special covers were made for the center of the
device. These “covers” were made from glass coverslips, corning coverglass No. 1½, cut
down to the appropriate size to cover the central area of the device, approximately 6mm
by 10mm, with holes drilled in them to facilitate the addition and removal of media.
These holes were drilled through the use of a Dremel and flat, diamond-tipped 1.25mm
diameter drill bit. These coverslips then had wire “feet” attached to them, made from
2mm diameter copper wire, using an adhesive. These feet were meant to hold the covers
a fixed distance above the surface of the device. These spacers were useful not only in
ensuring that the function of the device is not impeded, but also in facilitating imaging
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via microscopy, as discussed below.

Figure 5- A cartoon depicting the custom coverslip set up on a SAW device

Choosing Cellular Markers:
In designing this experiment, it was originally proposed that data be collected via images
of the entire cellular structure and shape, and that changes in cellular structure and shape
would help in determining the effects of the SAW devices operation on the cells. In
addition, cellular organelles were labeled with fluorescently active “tag” chemicals that
allow for imaging by fluorescence microscopy. Fluorescence imaging of internal cellular
structures would report their movements and identify them by their special properties.

In the case of this experiment, it was determined that one of the simplest and most robust
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labels would be MitoTracker CmxRos mitochondrial stain (See Stain Protocol, Appendix
3). This stain was deemed most likely to give a large amount of usable data in the form of
active fluorescence within cells, and could also be helped to identify cells undergoing
active metabolism (See Figure 4, below), as opposed to non-viable cells.

Figure 6: Fluorescence imagery of RBL cells at high confluence on gold surface,
using MitoTracker

Imaging Cells:
Experiments involving imaging of cultured cells are typically carried out on transparent
surfaces such as glass, allowing for transmitted light microscopy to be used in gathering
images of the cells. However, the gold surfaces used in this experiment are opaque, and
thus, transmitted light microscopy is not a viable option. Instead, cell images on gold
8

surfaces for this experiment were taken with both reflected light and fluorescent
microscopy techniques.

Figure 7- Cells on coverslip, transmitted light on left, reflected light on right

For the purposes of this experiment, images were first taken using a reflected light
technique, to quantify cellular morphology and position. Fluorescence images were taken
subsequently to identify cells via their fluorescently tagged mitochondria. Such imaging
allowed the study of intracellular morphology, and metabolic activity (See Imaging
protocol, Appendix 4)

All images were taken using a BX-51 upright fluorescence microscope (Olympus), using
a SPOT monochrome 2-megapixel monochrome diagnostic camera (Diagnostic
Instruments Model#25.1). Objectives used included an Olympus UPlanFl 10x, an
Olympus UPlanFl 40x, and for cases where a long working distance was required
(especially in imaging on the SAW devices specifically) an Olympus SLCPlanFl 40x.

In the case of reflected light images, a 545nm excitation source was used, in conjunction
with neutral density filters and light-limiting apertures, and filter set that allowed
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reflected excitation light to be imaged, resulting in images largely comparable to those
taken via traditional transmitted light methods. In the case of fluorescence images using
MitoTracker, the same 545nm excitation source was used, in conjunction with a filter set
that included HQ545/30x, Q570LP, and HQ620/60m filters. Images were acquired and
analyzed using MetaMorph software (Molecular Devices).

SAW Device Operation:
A number of external sources of signal and power are necessary in order to properly
operate the SAW devices. An Agilent N9310A signal generator was used to apply an RF
signal to the SAW system, in conjunction with a Lambda ZHL-1-SW-S RF amplifier. A
power divider, RF Lambda RFLT2W0002G (-USA), was used to channel the signal
separately to the two sides of the SAW device. The system also includes a circulator,
Wenteq F2816-0098-20, and an LC-matching circuit, to which the IDTs on the SAW
were connected.

Experimental Methods:
In order to perform the experiments on the SAW devices, it was necessary to modify the
existing experimental setup and to develop procedures for integrating living adherent
cells. First, the cells were cultured and distributed onto the gold surface with ample time
to adhere and begin functioning normally (the minimum time for this to occur was
experimentally determined to be approximately 3 hours.) Following the culture time, the
cells were stained for fluorescence microscopy (See Stain Protocol, Appendix 3). Prior to
the start of the experiment, the microscope set up was adjusted, such that the stage could
accommodate the SAW device, and all of the equipment required to run the device, as
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discussed above. In order to do this, the stage wass adjusted as far from the objectives as
possible, and the matching circuit board that holds and connects to the SAW devices is
affixed to the microscope stage.

Initial control images are taken of cells on the SAW surface prior to device operation.
The device was then activated at a set power and frequency for a given amount of time,
after which images of the cells were again taken. It will also be possible to generate
continuous video data in order to analyze changes in the organelle morphology in
essentially real time. Depending on the condition of the cells, following this initial device
activation, it may be possible expose the cells for longer times, or at different power
levels. (See Experimental Protocol, Appendix 5) (Figure 8)

Figure 8- A preliminary experimental setup
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Results
Initial experiments investigating the effect of SAW on adherent RBL cells have brought
to light a number of parameters that must be considered in future experiments. There are
a number of opportunities for the experiment to be spoiled, either by cell death, or missed
opportunities for data collection, that can affect the experimental results. The possibilities
arise both during the setup, and the actual experimental procedure, and were not evident
until after these initial experiments had been performed.

One major barrier to data collection for this experiment included drying of the media on
the SAW device surface. The lack of usable signal obtained during an initial experiment,
highlighted by the presence of salt crystals, an indication that the cellular media are
drying over time. (Figure 9)

Figure 9- Crystals on SAW surface due to media drying
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This drying was likely due in part to the energy of both the excitation source and the
SAW device itself being imparted into a small volume of media. The resulting
evaporation could easily result in the formation of salt crystals on the SAW surface and
drying of the cells, both causing major losses in the viable cell population, and
attenuating the SAW signal, thus decreasing the likelihood of collection of useful data
(Figure 10). For consistent collection of meaningful data it is essential to have very few
attenuating factors. Without a way to either ensure that this evaporation does not occur,
or to constantly re-hydrate the SAW surface, consistent collection of meaningful data
becomes increasingly unlikely.

Figure 10-Cell during (Left) and after (Right) membrane rupture
During the experiment, it was important to keep track of the precise position on the gold
surface at which images were being acquired. During these experiments only one set of
opposing IDTs were active, therefore surface waves were being propagated through only
a fraction of the gold surface. All test data were collected in this area (See Figure 10,
Below). However, adjacent non-insonified regions could serve as controls. In order to
ensure that the appropriate region was being viewed, the experimental procedure,
specified visualization of the IDTs first. Once an IDT with a bonding wire attached was
located, the view was carefully adjusted along the gold surface, in line with the area of
wave propagation.
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Figure 11-Cartoon depiction of active area on gold surface

It was found that repetition of experiments using SAW devices with cells resulted in
severe attenuation of signal, even after extensive cleaning to remove cell debris (See
cleaning protocol, Appendix 2) after the experiment. This residual cellular matter on the
gold surface may be denatured and desiccated on the gold surface if the operational
power applied to the device is too great. In order to permit experimental replicates to be
performed, the cleaning process must be improved to reduce residue on the SAW
devices.
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Future Directions
The cell-device combination developed through this thesis work will provide a platform
for a range of important related experiments in the future. Chiefly, the information from
the initial version of the experiment performed can be used in future experiment design,
and is useful in making decisions about the application of power, the length of the
experiment, and the step-to-step process of image collection during the experiment.

The data acquired thus far neither confirm nor disprove the hypothesis that SAW can be
used to manipulate organelles within adherent cells. The data collected over the course of
this thesis research contribute insights that will be useful in improving and modifying
experimental procedures, and will facilitate future data collection. Issues that became
evident during initial experimentation will help to direct future work in this area.

Changes in future experiments may include changing the staining procedure to include
secretory granules and nuclei, or the microscopy modes used to gather data. The type of
cell used, or re-designs of the SAW devices could also be employed.
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Appendix 1-RBL Cell Culture Protocol
RBL-2H3 cells, cultured for “Cells on SAW” thesis.
1. Cell media is made from a base of Dulbecco’s modified eagle medium, with added
fetal bovine serum (10%), and L-Glutamine (2%), as well as streptomycin-penicillin
(2%).
2. Cells are cultured in Corning Surface Cell culture flasks, either 25cm2 or 75cm2
depending on the need for cells.
3. Cells are cultured in an incubator, kept at 37oC, with a 10% CO2, 90% Air atmosphere.
4. Cells are passaged once per week, in the following manner:
-Flask is confluent, ready for culture.
-Media and trypsin-EDTA are brought to 37oC in water bath
-Old media in culture flask is emptied, disposed of
-A “wash” of 1-3ml trypsin-EDTA is put into the culture flask, which is swirled
gently, then emptied
-Cells are then exposed to trypsin-EDTA, 4-10ml depending on flask size, and
allowed to rest for 10 minutes in incubator, or until they can be observed under a
microscope as non-adherent to the flask bottom.

-Cell/trypsin mix is pipetted into new flasks, as appropriate for culture size, at a
1:5 ratio with old culture.

-New media is added to sufficiently dilute trypsin-EDTA, generally 7-15 ml,
depending on size of flask.

18

Appendix 2- SAW Cleaning Protocol
SAW gold surface cleaning protocol, for “Cells on SAW” Thesis
-A 5:1:1 mixture by volume of De-Ionized water, Ammonium hydroxide, and 30%
Hydrogen Peroxide is prepared.
-The SAW and holder are placed under a fixed-in-place suction pipette, which is arranged
to rest just above the gold surface on the SAW device. Care is taken to avoid contacting
the surface directly with the pipette
-The cleaning mixture is pipetted onto the gold surface on the saw, a few drops at a time.
Enough cleaning solution should be used to completely cover the gold surface, but no
more, and care is taken in avoid contact with the IDTs that surround the SAW surface, or
the bonding wires that connect them.
-The cleaning mixture is allowed to rest on the surface for approximately 10 seconds.
-Following this, the suction pipette is used to remove the old cleaning solution, and a new
set of drops is applied.
-This process is repeated approximately 20 times.
-Cleaning is confirmed via reflected light microscopy of the gold surface.
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Appendix 3- MitoTracker Stain Protocol
Cellular Staining protocol, using MitoTracker CMX-Ros, for “Cells on SAW” thesis.
This protocol is to br preformed 20-30min prior to cellular imaging, giving the cells
ample to uptake the MitoTracker stain, but cells should be imaged immediately following
this protocol, to avoid apoptosis due to over-metabolization of the tag, which could
interfere with experimental data.
-MitoTacker CMX-Ros is diluted to 1 micromolar (1µM) in cellular media (for media
preparation, see appendix 1) and brought to 37oC
-Cells are at the desired confluence for imaging, and ample time since the last split has
passed, such that the cells are adhered to their culture surface.
-Old Cellular media is removed from the culture and disposed of.
-Cells are exposed to enough media containing MitoTracker to completely cover the
culture surface, and allowed to rest in the incubator with the MitoTracker for
approximately 20 minutes.
-When ready to image, cells are removed from incubator, MitoTracker media is removed,
and surface is washed with buffered wash solution, to prevent excess fluorescent dye
from interfering with image-taking
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Appendix 4- Imaging Protocol
Imaging Protocol, using Millard lab fluorescent Microscope, for “Cells on SAW” Thesis.
All microscopy images for this thesis were taken on the Millard lab fluorescent scope,
using a SPOT monochrome 2 megapixel diagnostic camera, model# 25.1
-Before beginning imaging, turn on all microscope devices, including the shutter, light
source, camera, stage control, and computer.
-Log onto the computer, and open “MetaMorph” under the desired profile.
-Place sample onto stage, begin desired imaging technique
For Reflected light imaging:
-Set source to 545nm (green) source, filter cube to set 6 (This filter set is not necessarily
the only one that can be used, as any set not designed to interact with the 545 nm source
should work.)
-Focus on sample using 10x lens. FS, AS, and optical density filters may need to be
adjusted to bring image into focus
-Make sure the beam splitter is directing to the camera path.
-Take images as desired at 10x or 40x magnification
For Fluorescent imaging:
-Set source to 545nm (green) source, filter cube to set 4 (HQ:R41002C- HQ 545/30x,
Q570LP, HQ620/60m)
-Focus on sample using 10x lens. FS, AS, and optical density filters may need to be
adjusted to bring image into focus, especially if reflected and fluorescent images are done
one after the other. Reflected images often require a number of filters to bring the
brightness down to a reasonable level, while fluorescence images often require use of few
filters, for maximum light collection.
-Make sure the beam splitter is directing to the camera path.
-Take images as desired at 10x or 40x magnification
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Appendix 5- Experimental Procedure
Full experimental protocol for “Cells on SAW” thesis.
-3.5 hours prior to the experiment, cells are split to 20% confluence on a SAW gold
surface, and allowed to adhere. Media is changed once an hour to prevent drying and
crystallization.
-.5 hours prior to experiment, MitoTracker protocol is followed to fluorescently tag cells.
-Microscope is prepared for imaging, with setup for running SAW device in place
-At the beginning of the experiment, control pictures of cells on the SAW surface are
taken, using both reflected light and fluorescent techniques.
-SAW device is activated, cells are exposed to surface waves for 5 minutes, following
which more images are taken.
-Depending on the conditions of the cells following these 5 minutes, more rounds of
SAW activation may be performed. However, if majority cell death has occurred, the
experiment is over, and a new round of experiments must be performed.
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